Rhombohedral LaMnO 3+δ powders, prepared by two different soft chemistry routes (coprecipitation and hydrothermal synthesis), are sintered at 1400 °C for 2 h in air. Measurements of internal friction Q −1 (T) and shear modulus G(T), at low frequencies from −180 to 700 °C under vacuum, evidence three structural transitions of nearly stoichiometric orthorhombic LaMnO 3+δ . The first one, at 250 or 290 °C, depending on the processing followed, is associated to either a JahnTeller structural transition or a phase transformation from orthorhombic to pseudo-cubic. The second one at 610 or 630 °C is related to a phase transformation from pseudo-cubic or orthorhombic to rhombohedral. Below the Neel temperature, around −170 °C, a relaxation peak could be associated, for samples prepared according to both processing routes, to the motion of Weiss domains.
Introduction
Manganese oxides A 1−x B x MnO 3+δ (A=trivalent rare-earth; B=divalent metal such as Ca, Sr, Ba, or Pb) with perovskite structure have generated a great interest, especially since the discovery of colossal magnetoresistance (CMR).[1. and 2.] Moreover, these oxides display prominent catalytic activity in many reactions, [3. and 4.] including total oxidation of hydrocarbons and of volatile organic compounds. [5.] Furthermore, they are attractive for environmental issues as cathode materials in solid oxide fuel cells. [6. and 7.] Various methods have been tested to synthesize the lanthanum manganite LaMnO 3+δ including the conventional solid-state reaction, [8.] co-precipitation, [9. and 10.] sol-gel [11.] and molten salts reactions. [12. ] The literature is scarce on hydrothermal synthesis. Ovenston and Ponton [13.] reported the preparation of lanthanum manganite mainly from acetate precursors in hydrothermal media adjusted at basic pH. Consequently, we have reinvestigated the hydrothermal synthesis of LaMnO 3+δ manganites studying the influence of several parameters, particularly that of complexing agents, such as citric acid.[14.] A number of detailed investigations has shown that the synthesis temperature [14., 15., 16. and 17.] ] but all these materials were prepared from solid-state reactions. This paper deals with the investigation, by mechanical spectroscopy, of some physical properties of lanthanum manganite ceramics obtained by sintering of LaMnO 3+δ nanometric powders, prepared using two different soft chemistry processes, co-precipitation and hydrothermal synthesis.
Experimental
The powder morphology was observed by transmission electron microscopy (TEM, 2010 microscope) and the surface of ceramic compacts by scanning electron microscopy (SEM, JEOL JSM-35 CF microscope). The thermal decomposition of the precursors was examined by thermogravimetric and differential thermal analyses (TGA/DTA TAG 24 thermoanalyzer, accuracy <10 −6 g). The structure was determined by X-ray diffraction analysis: the powder X-ray diffraction (PXRD) data were collected with a SEIFERT XRD-3003-TT diffractometer using the Cu-K radiation (λ=1.5418 Å). Inductively coupled plasma (ICP) spectroscopy was used to determine the chemical composition of the oxides. The specific surface area was estimated by means of a Micromeritics Accusorb 2100E apparatus, defined by the Brunauer, Emmet and Teller (BET) method.
The accurate oxygen content was measured by temperature-programmed desorption analyses ( ), involving thermogravimetry, gas chromatography and mass spectroscopy. The sample was first outgassed (1 Pa), at room temperature for 1 h, and then the system was filled with Ar. A flow of 15 cm 3 min −1 was allowed to run across the reactor. During the experiment, the temperature was linearly increased (rate of 5 °C min −1 ). Every 120 s, the gas flowing out of the reactor was sampled and analyzed by gas chromatography ( -8 chromatograph fitted with a molecular column and a thermal conductivity detector). These analyses provided the oxygen concentration in the flowing gas, and the integration of these data over time gave the total amount of oxygen released during the experiment.
For physical investigations, lanthanum manganite powders were consolidated by uniaxial pressing up to 50 MPa. The green compacts were sintered at 1400 °C for 2 h in air, at a heating rate of 5 °C min −1 . The cooling was not controlled. The apparent density was measured by immersion in distilled water.[25.] The shear modulus G and the mechanical losses Q −1 versus temperature were measured in the frequency range, 0.1-1.0 Hz, using a inverted torsion pendulum with maximum strain amplitude of 5×10 −5 , under vacuum between −180 and 25 °C for low-temperature internal friction and room temperature and 700 °C for high-temperature internal friction, at a heating rate of 1 °C min −1 . The samples were rectangular bars of dimensions 40 mm×4 mm×1 mm. The sample was gripped at its extremities and twisted upon around the longitudinal vertical axis. The dynamic modulus was expressed according to relation:
is the lag angle between the strain imposed and the resulting stress.
The mechanical losses versus temperature Q −1 (T) were given by the ratio G′/G″ and the shear modulus G(T) was equal to G′.
The phase transitions of lanthanum manganite were investigated using a diffractometer Siemens D5000 equipped with a heating camera Anton Parr (HTK10) and a linear detector Elphyse. The heating element was the platinum sample holder. The heating rate was 5 °C min −1 and the patterns were recorded under vacuum at various temperatures after a dwell for 30 min at the considered temperature.
Powder preparation and characterization

Hydrothermal synthesis
When carried out in appropriate conditions, the hydrothermal treatment, performed at 150 °C for 20 h under autogenous pressure, of aqueous media containing lanthanum nitrate, manganese(II) nitrate and citric acid at the same concentration (0.28 mol L −1 ) and ammonia for pH adjustment, leads to amorphous precursors of LaMnO 3+δ powders. Their pyrolysis has been investigated by wide angle X-ray scattering.[26.] The preparation procedure and the characteristics of the lanthanum manganite powders, obtained by pyrolysis at 800 °C under air, had been previously published.[14.]
The annealing of the amorphous precursor at 800 °C under air for 2 h allows to remove most of the residual carbon (<0.5 wt.%) and to obtain the rhombohedral perovskite phase ( Fig. 1) with the space group. The XRD patterns reveal only the perovskite-type structure. The average crystallite size, calculated from broadening of the XRD peaks using the Scherrer formula for a spherical model, is 45 nm. The TEM observation (Fig. 2) After sintering at 1400 °C under air for 2 h, the dense ceramics (Fig. 3) show no open porosity and no micro-cracking. The grain size is in the range 5-10 μm and the apparent density is about 6.4. The sintering decreases the non-stoichiometry coefficient up to δ=0.02 and induces the phase transformation from rhombohedral to orthorhombic. Fig. 3 . SEM observation of a ceramic surface sintered at 1400 °C for 2 h.
Coprecipitation via the citrate route
This method, first developed by Szabo, [27.] allows to obtain mixed oxides with the perovskite structure at moderate temperature. The synthesis of the mixed citrate requires first to prepare the lanthanum, strontium and manganese simple citrates. Lanthanum and strontium citrates are obtained according to the following procedure. 0.2 mol of the corresponding nitrates is dissolved in 600 ml of water. The solution is poured in an aqueous solution of di-ammonium hydrogen citrate and stirred for 1 h. The lanthanum and manganese molar contents, determined from ICP method, are, respectively, 0.99 and 1.01. TGA and TPD analyses show that the heating of the mixed citrate leads to a dehydration and to a release of CO and CO 2 .[9.] Its decomposition into oxide is complete above 530 °C. In order to compare the characteristics of LaMnO 3 powders prepared by the two different ways (hydrothermal and citrate method), the powder was annealed at 700 °C for 2 h in air. TEM observations show that the powder is constituted of crystallites of approximately 30 nm (Fig. 4) . Xray diffraction analysis reveals that the structure exhibits rhombohedral symmetry with the space group (Fig. 5) . The non-stoechiometry coefficient of the powder, δ=0.14, and the density after sintering under air at 1400 °C for 2 h, d=6.4, are similar to the ones obtained for hydrothermal powders. On the contrary, the non-stoichiometric coefficient of the sintered pellet, δ=0.08, is higher than that of the pellet prepared from hydrothermal powder, δ=0.02. The irreversible phase transformation from rhombohedral to orthorhombic also occurs during the sintering in air. 
Internal friction measurement results
Measurements of the internal friction Q −1 (T) and shear modulus G(T) of LaMnO 3 at low frequencies (0.1, 0.3, 1.0 Hz) from room temperature to 700 °C, show two damping peaks P 1 and P 2 , situated around 270 and 620 °C, respectively, and their correlated minimum modulus A 1 and A 2 (Fig. 6) , that indicate two transitions above room temperature.[28.] Detailed analysis of the data situates more accurately a transition at T 1 =290 °C and another at T 2 =630 °C for the powder obtained via hydrothermal synthesis (Fig. 7) and at T 1 =250 °C and T 2 =610 °C for the powder obtained via the citrate route ( Fig. 6 and Fig. 7 ). The overall internal friction behavior of the lanthanum manganite above room temperature does not appear sensitive to the method of powder preparation, apart from the fact that the peaks from LaMnO 3+δ powder obtained via hydrothermal synthesis are shifted toward slightly higher temperatures (Fig. 7) .
For these two internal friction peaks, it is noticeable that, while the peak temperature does not change, the height of the peak increases as the frequency decreases.
At low temperature, the mechanical losses curve Q −1 (T) shows a peak R near −170 °C associated with a significant slope change in the decrease of elastic modulus versus temperature (G(T)), as shown in Fig. 8 for the sample prepared by hydrothermal synthesis. The peak temperature is below the Neel temperature (−113 °C[29.] ). Its height is independent of the frequency, but the mechanical losses and the elastic modulus are shifted toward higher temperatures when the frequency is increased. The XRD patterns indicate that for both samples, at 750 °C under vacuum, the lanthanum manganese oxide exhibits a rhombohedral structure and that after cooling at room temperature under vacuum the structure becomes orthorhombic as seen in Fig. 9 for the co-precipitated sample. Fig. 9 . High-temperature X-ray diffraction profiles for LaMnO 3+δ , orthorhombic phase at low temperature (a), i.e., ambient temperature under vacuum and rhombohedral phase at high temperature (b), i.e., 750 °C under vacuum.
Discussion
Mechanical spectroscopy is an interesting tool for studying phase transitions or domain relaxations.[28.] Internal friction and elastic modulus measurements have been made on doped manganites but rather in the low-temperature range. [22., 24., 30. and 31.] These studies show that very often two peaks associated with a modulus softening appear at low temperature. These peaks are typical of a phase transition: indeed, they do not shift with frequency. [28.] The low-temperature peak could be associated to a phase separation of an antiferromagnetic phase from the ferromagnetic matrix whereas the high-temperature internal friction peak can be due to the ferromagnetic-paramagnetic transition.
The evolution of the crystal structure of orthorhombic stoichiometric LaMnO 3 has been determined as a function of temperature by Norby et al.[20. ] first and more recently by The former prepared orthorhombic LaMnO 3 by heating rhombohedral LaMnO 3+δ (δ=0.14) at 900 °C under N 2 and cooling to room temperature under N 2 . They indicated a composition corresponding to La 1.00 Mn 0.99 III Mn 0.01 IV O 3.005 . Then, using high-temperature X-Ray powder diffraction, they investigated the thermal transformation of orthorhombic LaMnO 3 under nitrogen and observed two transitions: the transition from orthorhombic to pseudo-cubic at ca. 327 °C and the transformation from pseudo-cubic to rhombohedral at ca. 527 °C. For the intermediate pseudocubic phase, the unit cell parameter is twice the one of the ideal cubic perovskite structure. The study by neutron powder diffraction at variable temperature showed that the Jahn-Teller distortion, found in the orthorhombic room temperature phase, is not seen in the high-temperature rhombohedral phase where all Mn-O distances are equal. The latter prepared pure orthorhombic LaMnO 3 by crushing single crystals grown by the floating zone method and, studying the thermal behavior under vacuum, they observed two transitions at, respectively, 477 and 737 °C, i.e., at temperatures significantly higher than Norby et al. J. Solid State Chem. 119 (1995), pp. 191-196. The gap was interpreted by the presence of a non-negligible amount of Mn 4+ in the sample of reference 20. From Rietveld crystal structure refinement, the authors concluded that the transition at 477 °C corresponds to the disappearance of the cooperative Jahn-Teller effect responsible of the orthorhombic distortion below 477 °C. Between 477 and 737 °C, the XRD patterns could be indexed assuming, either a double cubic perovskite cell as Norby et al.[20.] or an orthorhombic cell (O′). However, the true symmetry of this phase was still orthorhombic because the Bragg intensities could not be explained within any of the possible cubic space groups, whereas the space groups Pbnm of the room temperature orthorhombic phase (O) worked perfectly. The second transition at 737 °C was attributed to the phase transition from the intermediate temperature orthorhombic phase (O′) to the high-temperature rhombohedral phase already characterized in reference 20.
Above room temperature, our results of mechanical spectroscopy show very clearly the presence of two peaks P 1 and P 2 situated around 250 and 610 °C, respectively. Their features (peak temperature independent of frequency, decreasing of peak height with increasing frequency) are characteristic of a phase transition. These two peaks are associated with minima of elastic modulus A 1 and A 2 ; it can be noticed that the curve elastic modulus as a function of temperature begins to deviate from the normal variation before the minima A 1 and A 2 (near the temperature of the peaks P 1 and P 2 ). The features of the peak R (height independent of the frequency, internal friction and elastic modulus shifted toward higher temperatures as the frequency is increased), appearing at low temperature near −173 °C, with the classical associated decrease of modulus, are characteristic of a relaxation peak. 
Conclusion
In orthorhombic nearly stoichiometric LaMnO 3+δ pellets, obtained by sintering in air of hydrothermally prepared and co-precipitated powders, three internal friction manifestations have been revealed. The first one, a relaxation peak below the Neel temperature, could be associated to the motion of Weiss domains. The second and the third ones are evidenced by two internal friction peaks associated to minima of elastic modulus. They are attributed to phase transitions previously studied by XRD and neutron diffraction at high temperature. [20. and 21.] According to the authors, the two following sequences could be proposed:
The interest of mechanical spectroscopy is all the more significant, as we have not been able to reveal the existence of the two phase transitions neither by differential thermal analysis, nor by differential scanning calorimetry.
